The authenticity of food is of increasing importance for producers, retailers and consumers.
Introduction
The authenticity of food is of increasing importance for producers, retailers and consumers. Producers and retailers want to be able to guarantee, for instance, claims of origin on their products and do not want to be confronted with abuse of such claims by third parties. Consumers show increasing interest in where their food comes from, how it is produced, and whether it is safe and healthy for consumption. For both consumers and retailers, it is important that specific raw materials or derived food products have not been adulterated with ingredients of inferior quality. In the past, obtaining details on products with respect to the origin and type of processing was relatively easy since most food and food products were produced locally. Nowadays, this has become much more complex as a consequence of the global transportation networks of raw materials and processed food products.
Regulation EC/178/2002, the EU General Food Law, defines traceability as the ability to trace and follow food, feed and ingredients through all stages of production, processing and distribution [1] . In addition to the general requirements, sector-specific legislation applies to certain categories of food products such as fruit and vegetables, enabling consumers to identify their origin and authenticity [1] . Furthermore, authenticity and the related labelling are particularly important for special products such as agricultural products or derived foodstuffs with a specific geographical origin. These products can either be listed as products of designated origin (PDOs) or products of protected geographical indication (PGIs) [2] . Within the European integrated research project 'Tracing the origin of food' (TRACE), analytical methods have been developed that can distinguish specialty products from potentially present undesired admixtures. Within the TRACE project, different approaches were tested in order to develop reliable methods for the traceability of specialty products in the different parts of the production and processing chain. One of the goals of TRACE was to develop a DNA-based multiplex detection tool which is rapid, robust, accurate and cost-effective.
The TRACE project focused on a limited number of specialty products. One of these products is the Italian wheat known as Farro della Garfagnana, a PGI registered in 1996. This is an emmer wheat produced from the local population of Triticum dicoccum, traditionally used for making pastas or baked products such as bread. Farro della Garfagnana is different from emmer wheat produced in other areas mainly by the fact that it is adapted to the local environment [3] .
Farro della Garfagnana contains the AABB genome, unlike the widely used 'modern' common bread wheat (Triticum aestivum) or the rarely cultivated spelt (Tritium spelta), which have the AABBDD genome [4] . This means that admixtures of Farro della Garfagnana-labelled products with these more modern varieties can be traced on the basis of the presence of the D genome.
The only other AABB-containing cereal of commercial importance is the widely cultivated durum wheat (Triticum durum). Durum wheat also lacks the D genome, so it cannot be identified as an admixture in Farro della Garfagnana in this way. Instead, the presence of durum wheat can be determined by genotyping the Q locus, which is located on the A genome of both durum and Farro della Garfagnana. Q determines the phenotype for the important agronomical trait 'threshability', which distinguishes hulled from free-threshing seeds [5] . Thus, durum wheat, a freethreshing (Q allele) wheat species, can be distinguished from Farro della Garfagnana, which is a hulled wheat (q allele) [6] .
Another special product that was included in the present study is Basmati rice, which is not a PDO or PGI but which has similar commercial importance as its specific fragrance is highly valued [7] .
The fragrance of rice (Oryza sativa) is associated with the presence of the potent aromatic component 2-acetyl-1-pyrroline (2AP) [8] . Non-fragrant rice varieties contain low levels of 2AP, whilst these levels are considerably higher in aromatic varieties such as Basmati rice [9] . The aroma that is based on the accumulation of 2AP is the result of a deletion in an allele at the fragrance locus. The betaine aldehyde dehydrogenase2 (BAD2) gene on chromosome 8 of rice contains the functional nfgr allele in non-fragrant rice. In fragrant rice, the fgr allele contains a cluster of single nucleotide polymorphisms and an eight-nucleotide deletion, resulting in an early stop codon in the open reading frame of the BAD2 gene. The presence of this stop codon leads to a truncated protein and results in the accumulation instead of the breakdown of 2AP [10] . However, aromatic varieties containing the native nfgr allele are also found. This suggests that the deletion in the fgr allele is not the only cause of 2AP accumulation but that there is at least one other genetic factor involved in controlling fragrance [11, 12] .
Specialty products Farro della Garfagnana and Basmati rice can be sold with a premium and are therefore sensitive to fraudulent admixture with cheaper varieties. To detect adulteration of specific raw materials or derived food products, traditionally, singleplex methods are used. DNAbased methods such as quantitative PCR (q-PCR) [13] [14] [15] , PCR restriction fragment length polymorphism [6] and capillary electrophoresis [16] are considered to be rapid, robust and accurate. However, today's complex matrices and related ingredients demand for multiplex detection methods that can determine in a single assay which type of raw materials have been used to obtain the product and, indeed, whether adulteration of specific raw materials may have occurred. One example of multiplex detection is the previously published strategy of padlock probe ligation and microarray detection (PPLMD). In this strategy, ten different linear padlock probes (PLPs) for event-, elementand species-specific sequences derived from genetically modified organisms were circularized, ligated and detected on microarray in a DNA mixture comprising four species [17] .
This method contains a number of steps: detection, amplification and identification. It uses PLPs that contain five specific regions. Two target specific regions, located at the extremities, will cause the PLPs to hybridize in a circular fashion to the template as the complementary target sequences are located next to each other. Only when this hybridization is flawless will a ligase covalently bind the two PLP ends, forming a circular molecule. This is the basis of the detection. For amplification, two primer binding sites are included in the PLPs. When in linear form, these are oriented away from each other, forestalling PCR amplification. When circularized, the primer sites are orientated towards each other, enabling PCR amplification. For identification, a complementary ZIP (cZIP) sequence is included that can hybridize to a ZIP sequence on a microarray. When the PCR is performed with a fluorescently labelled primer, common microarray analysis can be used for the identification of the amplified circularized PLPs. In a previous work, criteria for the design of PLPs were developed and discussed [18] . A so-called SpikeLock probe was developed as a control for a successful ligation reaction [17] .
Here, we describe an extension of this strategy to a 15-plex traceability tool and the subsequent initial validation. In this study, also a comparison between DNA and DNA/ locked nucleic acid (LNA) PLPs was made to practically assess the advantage of the incorporation of LNA nucleotides to overcome the poor performance of long PLPs. The main focus of the present study was on the detection of small amounts of specific DNA sequences in more complex DNA mixtures.
Materials and methods

Design and quality control of PLPs
The PLPs for wheat discrimination were designed for the detection of the D genome and both genotypes of the Q locus. For rice, PLPs were designed around the difference in sequence of the BAD2 gene to discriminate between Basmati (fragrant) and non-fragrant rice. Melting temperatures of the LNA-containing PLPs were calculated using the LNA Oligo Tm Prediction Tool (Exiqon, Denmark; see Table 1 for the sequences and cZIP codes used). Synthetic single-stranded target sequences were ordered (Biolegio, the Netherlands) to test the performance of the newly designed PLPs in q-PCR, as described by Prins et al. [17] .
Plant materials
All cereal ground seed materials, except for rice, were provided by Biolytix (Switzerland) within the TRACE framework (project no. FOOD-CT-2005-006942). For rice, no certified reference material was available, so Basmati rice and conventional (non-fragrant) rice were purchased at a local biological food store.
Ground seed material for soy, maize and sugar beet was purchased from IRMM (Belgium), and canola leaf DNA was purchased from AOCS (Urbana, IL, USA). For detailed information, see Table 2 .
DNA extractions
All plant materials were isolated using the Qiagen DNeasy Plant Minikit. Soy (100 mg) was isolated according to the supplied protocol. For all other materials, the extraction step was adapted. Fifty milligrams was used per DNA isolation. MQ (150 μl) and CTAB buffer (350 μl; 20 g/l CTAB, 1.4 M NaCl, 0.1 M Tris-HCl, 20 mM EDTA) were added together with 10 μl 20 mg/ml Proteinase K and incubated overnight at 42°C. After a short centrifugation (5 min at 14,000 rpm), the supernatant was incubated with 5 μl RNaseA (Qiagen, 100 mg/ml) and incubated at 65°C for 15 min. Of buffer AP2 (Qiagen DNeasy Plant Minikit), 260 μl was added and was incubated on ice for 5 min. 
LATE-PCR and microarray detection
Amplification by linear after the exponential (LATE)-PCR [19] of the circularised PLPs was performed as described by Prins et al. [17] . Denatured labelled PCR product (2 μl) was applied to 63 μl hybridisation mixture (5× SSC, 0.1% SDS, 0.1 mg herring sperm DNA, 12.5 nM Cy3-labelled ZB3 oligo (Table 1) as the positioning marker after hybridisation.
Slides with eight microarrays were custom-made by Eppendorf (Eppendorf Array Technologies Namur, Belgium) and contained 100 ZIP codes (20-mer oligonucleotide sequences from Affymetrix) with a 10-mer-A-tail and C6 to a linker (Biolegio) in quadruplicate per microarray. The ZIP codes were demarcated by ZB3 spots and ZIP-P spots (Table 1) for positioning purposes.
The microarray slides were pre-hybridized O/N at 42°C in denatured pre-hybridisation mix (5× SSC, 0.1% SDS, 0.1 mg herring sperm DNA). After a repeated wash with 0.1× SSC for 5 min at room temperature (RT) on a rotary tablet, the slides were rinsed with MQ and dried by centrifugation (2 min at 1,000 rpm).
For hybridisation, an eight-microarray gasket in combination with a hybridisation chamber was used and hybridisation was carried out for 2 h at 65°C in a hybridisation oven (all Agilent).
After hybridisation, the slides were washed twice with 1× SSC, 0.1% SDS for 5 min; twice with 0.1× SSC, 0.1% SDS for 5 min; twice with 0.1× SSC for 1 min; and once Bold font represents an LNA nucleotide. Underlined font represents the deletion and single nuclear polymorphisms resulting in the difference in fragrance between non-fragrant and Basmati rice with 0.01× SSC for 30 s, all at RT. Slides were dried by centrifugation (2 min at 1,000 rpm). Slides were scanned using the ScanArray Express HT microarray scanner (Perkin Elmer) at 543 nm (Cy3). A PhotoMultiplier Tube gain of 60 was used at a laser power of 90%. The individual signals were quantified using the optical system software programme ArrayVision, version 8.0 (Imaging Research Inc.) The subtracted density (sDens) was used for further data analysis in Excel (Microsoft). sDens is defined as the density minus the background on a scale of 0-65,279 in arbitrary units (AU). Density is the average intensity of all pixels within the spots, and background is the average intensity of four corners between the spots. Each sample was ligated, amplified and hybridized in duplicate or triplicate. Each ZIP code was printed on the microarray quadruplicate.
Data analysis
Outliers caused by stains after washing were removed by hand. The average sDens values from all signals (8 or 12 per ZIP maximum) were calculated and used to calculate the standard errors of the mean.
Results
Design and quality control of PLPs
PLPs were designed for multiplex detection of the Q and q alleles in wheat, the nfgr allele in rice and four plant species: generic rice (all rice varieties), rye, sugar beet and maize (HMG gene). All newly designed PLPs were found to show a difference of at least seven threshold cycles (C t s) in q-PCR comparing its synthetic target to water (data not shown). Previously designed PLPs for the species oat, barley, maize (zein gene), soy and canola, and the wheat D genome, had already been shown to meet these criteria [17, 18] .
Due to the high AT content of the Basmati rice discriminating sequence (fgr allele), another approach for PLP design had to be used. Target sites of the Basmati PLP were to be adjusted to meet Tm requirements by the insertion of LNA molecules. To test the effect of LNA molecules on the performance of a PLP, three different PLPs for Basmati rice were designed: one meeting the set Tm criteria and therefore with a long target site; one with a shorter target site and thus low Tm; and this same PLP with LNA molecules increasing the Tm to meet the set criteria (Table 1 ). All three PLPs were found to show a difference in C t value when its synthetic target was compared with water, although the delta C t was 3 at best (data not shown). For comparison of the different target characteristics (length, Tm), probes were tested on microarray with a mixture of equal amounts on DNA mass basis of Basmati and non-fragrant rice in a background of genomic DNA ( Table 2 ). As shown in Fig. 1 , the PLP comprising the long target site showed also a signal ligation with non-fragrant rice. The two short-target PLPs did not show this signal. Lower signals on microarray were observed with the PLP comprising the LNA nucleotides than in the same PLP with the normal DNA nucleotides.
Specificity
In order to demonstrate the specificity of all plant-related PLPs, a mixture of 14 probes plus the SpikeLock (Table 1) was prepared and tested on a genomic DNA mixture comprising nine plant species/varieties: soy, maize, rye, barley, oat, canola, sugar beet, Basmati rice and nonfragrant rice at levels of 11.1% each. Specificity of the probes was determined in a series of experiments in which each species or variety was excluded once, resulting in levels of the remaining species of 12.5% each. All PLPs showed positive signals when their corresponding target was present in the mixture and from 2 to over 300 times lower when the target was left out (Fig. 2) . The PLPs for the rice fragrance locus showed clear discrimination between Basmati and non-fragrant rice, whereas the rice generic PLP detected both (data not shown).
For demonstration of the specificity of the wheat PLPs, the same PLP mixture was used. Six wheats (Table 2) were tested separately in a genomic DNA background of seven different species (soy, maize, rye, barley, oat, canola, sugar beet), giving a total of eight different DNA sources per sample, all at levels of 12.5% per ingredient. The specific ligation pattern was observed for all six wheats (Fig. 3) . None of the wheat-specific PLPs showed a significant signal with any other target than its own (data not shown).
Sensitivity
The sensitivity of the wheat and rice PLPs was determined by comparing pure samples with samples with 5% admixture of a cheaper variety. In the case of Farro della Garfagnana, 5% common bread wheat was mixed, on DNA mass basis. In the case of Basmati rice, 5% non-fragrant rice was mixed, also on DNA mass basis. The same 15-plex PLP mix was used as in the previous paragraph. Furthermore, the experiments were performed with an extra replication. The results are depicted in Fig. 4 .
Discussion
Currently, labelling of food and food products is a daily routine in compliance with the EU Food Law regulations concerning the traceability of the products and providing information to the consumer. However, maintenance of these regulations in today's complex food matrices and global food market demand rapid, robust, accurate and costeffective multiplex detection tools. Here, a tool is presented for multiplex detection and identification of raw materials as well as potentially unintended or fraudulent admixtures that may occur in complex food matrices. The PPLMD tool was tested and initially validated for the detection of different kinds of wheat and rice in mixtures comprising seven or nine other ingredients.
Specificity has been shown for 14 plant-related PLPs, of which nine were designed in the present study. Signal differences ranged from 2 for the maize zein PLP to over 300 for the sugar beet PLP when 0% or 11.1% specific target was present in a background of genomic DNA. Discrimination of fragrant (Basmati) and non-fragrant rice was based on an eight-nucleotide deletion in the target site of fragrant rice compared with non-fragrant rice. Signals from these rice fragrance PLPs were compared in a situation where either fragrant or non-fragrant rice was present in the DNA mixture. The Basmati rice PLP showed a 200 times higher signal when Basmati rice was present compared with the signal when non-fragrant rice was present. In the case of the non-fragrant rice PLP, the difference in signal was almost 150 times. In both cases, the generic rice PLP showed an almost 14 times higher signal when rice DNA was present in the DNA mixture compared with no rice at all being present.
Five wheat species were easily distinguished using three wheat PLPs based on the detection of the D genome and on genotyping of the Q locus. For genotyping the Q locus, a single nucleotide polymorphism (SNP) on the ligation site was used. No false positive or negative results were observed when a SNP on the ligation site was used as the only difference between PLPs. The difference in signal between the presence and absence of the specific target was 9-fold for the D-PLP, 20-fold for the Q-PLP and almost 135-fold for the q-PLP, which showed again the great discriminatory power of a good PLP. The usefulness of PPLMD has also been shown for the detection of fraudulent/intentional admixtures. Since (very) low-level admixtures will not lead to a significant economic advantage and are therefore not expected, admixtures down to 5% have been tested. In both cases, the admixture of common bread wheat in Farro della Garfagnana or of non-fragrant rice in Basmati rice could easily be detected. Unintentional admixture to specialty products is likely to occur because of postharvest operations such as transport and storage, but is expected to occur at much lower levels. In the case of wheat, samples with 5% common bread wheat in 95% Farro della Garfagnana showed approximately 13 times higher signals on microarray using the D genome PLP than in samples where no bread wheat was added (Fig. 4) . For rice, the discriminating non-fragrant PLP showed an increase in signal of almost 50 times when 5% nonfragrant rice was added to Basmati rice. These results suggested that, if needed, the tool is likely to detect even lower levels of (un-)intentional adulteration.
It has furthermore been shown that a number of aspects are important for optimisation of the tool. An important aspect for the successful performance of the tool is the design of a PLP. Characteristics as target length, GC%, secondary structures such as hairpins and self or primer dimers influence the performance of a PLP. PLPs are designed meeting the criteria which were set on the basis of experimental data with regard to specificity and sensitivity [17, 18, 20] . Each PLP shows a specific background signal, which is always observed even when no target is present. The height of this background signal has a broad range. Signals range from very low (30 AU) for the rye PLP to high (2,000 AU) for the generic rice PLP. The PLP designed for maize HMG showed a very high background signal of up to 4,000 AU when no maize is present in the mixture, but this can be considered as an exception. It must be taken into account that the used cereal and rice materials were no certified reference materials. For this reason, false positive signals due to a minor contamination of the raw materials cannot be excluded.
Another indication for the influence of PLP design is the observation that different PLPs that were used to detect the same target resulted in very different signals. For the detection of endogenous maize, two PLPs for the sequences of zein and HMG were used. Both are supposed to be present only once in the maize genome. An approximately 22 times higher signal was observed when the HMG PLP was used instead of the zein PLP (Fig. 2) . This implied that the height of the signal is dependent on the design of the PLP used.
For the AT-rich discriminating sequence of Basmati rice, a technical adaptation of the target sites of the PLP had to be made in order to meet the set criteria. LNA nucleotides were incorporated to keep the target site rather short, but with a Tm meeting our requirements. LNA nucleotides are a class of nucleic acid analogues in which the ribose ring is adjusted, resulting in a higher thermal stability [21, 22] of the molecules in which the LNA is incorporated. For Basmati rice, three different PLPs were designed: one with a long target site meeting the set Tm criteria, one with a shorter target site and subsequent low Tm, and this same PLP with LNA substitutes increasing the Tm to meet the set criteria. The Basmati PLP with the long target site showed nonspecific ligation with non-fragrant rice. The two PLPs with the shorter target site did not show this nonspecific ligation. Surprisingly, however, microarray signals were lower using the LNA PLP compared with the same PLP without LNA substitutes (Fig. 1) . Because of the increased thermal stability of LNA bases, the risk of stable secondary structures as self and primer dimers or hairpins increases as well [23] . These structures can compete with or inhibit the annealing of the PLP to the genomic DNA, resulting in reduced signals. This may explain the low signals of the Basmati rice PLP.
To further assess the sensitivity and specificity of each PLP, a validation study needs to be performed including more known positive and negative samples. For wheat, these should include other Triticum species [24] to check for cross-reactions with closely related wheat species. Mainly the domesticated variants as Triticum turgidum and Triticum polonicum are of importance. For rice, varieties from the indica (i.e. Jasmine varieties) and the tropical japonica groups [7] could be included as positive samples and some of the varieties found in South and Southeast Asia that do not carry the eight-nucleotide deletion [11, 12] as negative samples. For all the different rice species that are sold as a specialty product, it would be interesting to investigate whether there is a genetic basis for their special status. If the genetic basis for fragrance is the same as was used here, the same PLP can be used; if not, other PLPs should be designed applying the same principle. On the basis of the observed background signals, specific cutoff levels can be set per PLP. In all cases, the PPLMD tool can be used as a screening approach. If required, confirmation experiments as q-PCR can be performed for individual species/varieties that will also provide further quantitative data.
The main advantage of PPLMD is its multiplexing capacity compared with previously mentioned methods for food detection [6, [13] [14] [15] [16] . One mixture of PLPs can be used to test simultaneously different ingredients within one food or feed sample. PPLMD has been shown to be a rapid, robust, accurate and cost-effective multiplex detection tool for the detection of unintended admixture in raw materials for food and feed production. The specificity of 14 plantrelated PLPs has been shown in complex DNA mixtures. Five of these PLPs have been tested for the detection of low percentages of fraudulent admixture such as cheaper bread wheat or non-fragrant rice in varieties of superior quality. The results suggest that even lower admixtures, <5%, can easily be detected. This tool can thus be used to monitor the correct labelling of premium foods within Europe and abroad.
